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ABSTRACT
We compare ultraviolet (UV) and optical colors of a sample of 29 type Ia supernovae (SNe Ia) observed with
the Swift satellite’s UltraViolet Optical Telescope (UVOT) with theoretical models of an asymmetric explosion
viewed from different angles from Kasen & Plewa. This includes mid-UV (1600-2700 A˚; uvw2 and uvm2)
and near-UV (2700-4000 A˚; uvw1 and u) filters. We find the observed colors to be much redder than the model
predictions, and that these offsets are unlikely to be caused by dust reddening. We confirm previous results that
high-velocity SNe Ia have red UV-optical colors. When correcting the colors for dust reddening by assuming
a constant b − v color we find no correlation between the uvw1 − v or u − v colors and the ejecta velocities
for 25 SNe Ia with published velocities and/or spectra. When assuming an optical color-velocity relation, a
correlation of 2, and 3.6 σ is found for uvw1 − v and u − v. However, we find that the correlation is driven
by the reddening correction and can be reproduced with random colors which are corrected for reddening. The
significance of a correlation between the UV colors and the velocity is thus dependent on the assumed slope
of the optical color-velocity relation. After such a correction, the uvw1 − v versus velocity slope is shallower
than that predicted by the models and offset to redder colors. A significant scatter still remains in the uvw1− v
colors including a large spread at low velocities. This demonstrates that the NUV-blue/red spread is not caused
by the photospheric velocity. The uvm2−uvw1 colors also show a large dispersion which is uncorrelated with
the velocity.
Keywords: supernovae: general — supernovae: individual (SN2011fe) — supernovae: individual (SN2010gn)
— supernovae: individual (SN2010kg)— supernovae: individual (SN2013eu) — ultraviolet: gen-
eral
1. INTRODUCTIONS
The use of type Ia supernovae (SNe Ia) as cosmological
distance indicators relies on our ability to compare their ob-
served brightness to their intrinsic luminosity as standard can-
dles. This also requires them to be standard crayons, such that
their intrinsic colors are known well enough for the effects of
dust reddening and extinction to be accurately measured and
corrected. The absolute magnitude is correlated with the light
curve shape (Pskovskii 1977; Phillips 1993; Goldhaber et al.
2001) as are the colors (Riess et al. 1996; Phillips et al. 1999).
Observational evidence points to the amount of 56Ni as the
primary cause of the peak luminosity, light curve shape, and
color (Arnett 1982; Stritzinger et al. 2006; Churazov et al.
2014; Scalzo et al. 2014; Diehl et al. 2015).
While this one-parameter model is effective in constraining
distances, understanding the remaining dispersion is of cos-
mological importance for two reasons. First, the origin of the
dispersion may or may not evolve over the history of the uni-
verse, possibly resulting in a bias in distance measures and
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cosmological parameters. Second, even if there is no change
or bias in the dispersion with redshift, a reduction of the dis-
persion would increase the precision of measuring distances,
necessary to improving constraints on cosmological parame-
ters.
Beyond the light curve shape, SNe Ia can be grouped based
on spectroscopic characteristics. Based on the rate of change
of the Si II velocity, SNe Ia can be subdivided into high ve-
locity gradient (HVG) or low velocity gradient (LVG) SNe
Ia (Benetti et al. 2005). HVG SNe Ia tend to have higher Si
II velocities near maximum light, with ∼12 ×106 m s−1 be-
ing proposed as a dividing line between high-velocity (HV)
and normal SNe Ia(Wang et al. 2009, 2013). AfterWang et al.
(2009) first noticed that there is a systematic color difference
for SNe Ia with different Si II velocities, more evidence has
been found supporting intrinsic color differences correlated
with the velocities (Maeda et al. 2010, 2011; Foley & Kasen
2011; Foley et al. 2011; Mandel et al. 2014) though some
samples have found the correlation to have low significance
(Blondin et al. 2012; Folatelli et al. 2013).
Asymmetric explosions viewed from different angles has
2been proposed as a possible cause of this spectral diversity
(Kasen et al. 2009; Maeda et al. 2010). Maeda et al. (2011)
directly tied asymmetry to the observed nebular line shifts
which show correlations with the near-peak velocities and the
broad-band colors (see also Cartier et al. 2011). Wang et al.
(2009) found that using different reddening laws for HVG
and normal SNe Ia reduced the dispersion in SN Ia luminosi-
ties which could be a signature of different colors or differ-
ent dust environments. Foley & Kasen (2011) suggested the
differences could be attributed to intrinsic color differences,
with similar reddening laws applying to the low-reddening
samples of SNe Ia of both groups. Asymmetric models from
Kasen & Plewa (2007) were used to show a theoretical con-
nection between velocity and color, and peak velocities were
shown to correlate with the peak colors in both the theo-
retical models and the observations (Foley & Kasen 2011;
Foley et al. 2011).
However, the fact that HV SNe Ia tend to occur in the inner
and luminous regions of their host galaxies indicate that the
asymmetric mechanism alone cannot explain the differences
in the observed Si II velocity (Wang et al. 2013). Instead, the
progenitor metallicity, progenitor or companion mass or even
explosion models may play important roles.
Despite having peak luminosities with a small dispersion
in the optical, SNe Ia show a greater diversity at UV wave-
lengths (Foley et al. 2008b; Ellis et al. 2008; Brown et al.
2010; Wang et al. 2012; Milne et al. 2013; Foley et al. 2016;
Brown et al. 2017). The strong effect of many possible pro-
genitor and/or explosion differences (metallicity, density gra-
dient, etc., see e.g. Brown et al. 2014b) make UV wave-
lengths an important regime with which to characterize the
diversity of SN Ia explosions. Understanding the difference
amongst the SNe Ia is important for using them as cosmolog-
ical distance indicators. The nature of the differences affects
whether the mean or scatter in the optical magnitudes evolves
with redshift (e.g. due to metallicity differences) or remains
constant (e.g. from viewing angle effects). If the source of the
diversity is understood, the magnitude of the observed UV di-
versity can be compared with models to put bounds on the
physical differences. Towards those goals we are comparing
different model expectations and various observed parameters
to the growing UV dataset.
In this article we examine axisymmetric models from
Kasen & Plewa (2007) and compare their expectations for
magnitudes and velocities with observations of SNe Ia ob-
served with Swift in the UV. We also search for correla-
tions between the observed photospheric velocity and the UV-
optical colors. The paper is outlined as follows: In Section 2
we briefly describe the sample of Swift SNe Ia used and their
velocity data. In Section 3 we describe the models used and
the relationship between viewing angle and the observable ve-
locities and photometric magnitudes. The UV photometry is
compared with the models in Section 4 and the velocities in
Section 5. We summarize and conclude in Section 6.
2. OBSERVATIONS
2.1. Ultraviolet Photometry
To examine the observed UV colors, we use SNe Ia pho-
tometry from the Swift Optical Ultraviolet SupernovaArchive
(SOUSA; Brown et al. 2014a). The Swift UVOT and its pho-
tometric calibration are described in Roming et al. (2005),
Poole et al. (2008), and Breeveld et al. (2010). The filters
used in the observations are the mid-UV uvw2 and uvm2 fil-
ters, the near-UV uvw1 and u filters, and the optical b and v
filters, as shown in the top panel of Figure 1. See Brown et al.
(2010) and Brown et al. (2016) for detailed discussions of
the filter shapes and observed photon distributions for a SN
Ia spectrum. Because the colors have some dependence on
the light curve shape (Brown et al. 2010; Wang et al. 2012;
Foley et al. 2016), we restrict our sample to the range of 1.0<
∆m15(B) < 1.4 and exclude spectroscopically peculiar SNe
Ia. We also restrict the reddening of our sample by including
only SNe Ia with (B−V )Bpeak < 0.3 mag to avoid large un-
certainties in the reddening correction. This is the same sam-
ple of SNe Ia used in Brown et al. (2017). This Swift SN sam-
ple is not unbiased, as the target selection avoided many SNe
near the centers of galaxies (Brown et al. 2009) which may
result in fewer HV SNe Ia and the majority of nearby SNe in
the early years of Swift were found by amateurs and super-
nova surveys targeting larger galaxies (Leaman et al. 2011).
Though affecting the relative numbers of HV and normal SNe
Ia, we do not believe that this should bias any correlations in
the parameters of our sample. We have used this older sample
selection to avoid a bias of adding more recent SNe whose
spectroscopic data may be available specifically because of a
publication bias for extreme or unusual objects.
2.2. Supernova Velocities
Most Si II λ 6355 velocities were collected from the liter-
ature including velocities from the classification spectra re-
ported in the Astronomers Telegrams and the International
Astronomical Union Circulars and Electronic Telegrams. The
absolute values of the blueshifted velocities are given in units
of meters per second (m s−1) in Table 1. Some SNe Ia did not
have published velocities, but the publicly available spectra
from the Open Supernova Archive (Guillochon et al. 2017)
or Weizmann Interactive Supernova data REPository (WIS-
EREP; Yaron & Gal-Yam 2012) were used to calculate the
velocity based on the absorption minimum of the Si II λ 6355
line. We only used velocities from spectra within 5 days of
the time of maximum light in the B band, with phases listed
in Table 1. We note that this range of phases allows a differ-
ence of 0.5 to 1×106 m s−1 from the lower to higher velocity
SNe Ia (Foley et al. 2011). There are 25 SNe Ia in our sample
with such velocities.
One unpublished spectrum of SN 2006dm taken with the
Hobby-Eberly Telescope (HET; Ramsey et al. 1998 0.65 days
before its maximum was also used. This observation used the
Low Resolution Spectrograph (LRS; Hill et al. 1998) with a
2′′slit and the GG385 Schott Glass blocking filter. We used
standard IRAF data reduction to bias-subtract, flat field, wave-
length calibrate, and flux calibrate the spectrum. The spec-
trum will be available via the Weizmann Interactive Super-
nova data REPository (WISeREP; Yaron & Gal-Yam 2012)
and the Open Supernova Catalog (OSC; Guillochon et al.
2017).
3. KASEN & PLEWAMODELS OF AN ASYMMETRIC EXPLOSION
Kasen & Plewa (2007) presented a temporal series of spec-
tra following the radiative transfer of a Chandrasekhar-mass
white dwarf exploding as a detonating failed deflagration.
The asymetric explosion results in an egg-shaped ejecta with
ejecta velocity structures differing by 6 ×106 m s−1 from
one side to the other. Kasen & Plewa (2007) find reasonable
matches between the time-series optical photometry and spec-
troscopy output from their radiative transfer calculations and
3Table 1
Velocities and Colors of Swift SNe Ia
Name Si II Velocity Epoch Reference ∆m15(B) b− v u− v uvw1− v uvm2 − uvw1
(106 m s−1) (days) (mag) (mag) (mag) (mag) (mag)
SN2012ht 9.70 ± 0.10 0.00 (Yamanaka et al. 2014) 1.25 ± 0.07 0.15 ± 0.04 -0.03 ± 0.03 1.47 ± 0.04 1.89± 0.04
SN2010gn 9.91 ± 0.30 0.20 (Maguire et al. 2014) 1.24 ± 0.09 -0.02 ± 0.05 -0.28 ± 0.05 1.42 ± 0.07 NaN ± NaN
SN2005cf 10.11 ± 0.05 -1.20 (Silverman et al. 2015) 1.06 ± 0.02 0.06 ± 0.01 -0.17 ± 0.07 1.51 ± 0.03 3.36± 0.15
SN2011by 10.27 ± 0.05 0.20 (Silverman et al. 2015) 1.11 ± 0.04 -0.02 ± 0.02 -0.54 ± 0.02 1.02 ± 0.02 2.60± 0.04
SN2015F 10.30 ± 0.25 0.00 (Foley et al. 2016) 1.29 ± 0.18 0.23 ± 0.15 -0.02 ± 0.15 1.68 ± 0.18 2.57± 0.20
SN2011ao 10.34 ± 0.05 0.20 (Silverman et al. 2015) 1.04 ± 0.07 -0.00 ± 0.03 -0.31 ± 0.03 1.51 ± 0.04 2.85± 0.08
SN2005df 10.42 ± 0.10 0.00 (A.Cikota, in preparation) 1.18 ± 0.02 -0.07 ± 0.01 NaN ± NaN 1.48 ± 0.02 3.00± 0.04
SN2007af 10.56 ± 0.05 0.20 (Silverman et al. 2015) 1.20 ± 0.01 0.08 ± 0.01 -0.13 ± 0.02 1.42 ± 0.03 2.48± 0.14
SN2011fe 10.58 ± 0.05 -1.00 (Silverman et al. 2015) 1.05 ± 0.02 -0.01 ± 0.01 NaN ± 0.01 0.99 ± 0.01 2.00± 0.02
SN2011ia 10.68 ± 0.05 -3.00 (Silverman et al. 2015) 1.00 ± 0.09 -0.03 ± 0.03 -0.78 ± 0.12 0.71 ± 0.15 2.09± 0.15
SN2012hr 10.70 ± 0.10 0.00 (Smartt et al. 2015) 1.08 ± 0.07 0.00 ± 0.03 -0.03 ± 0.03 1.64 ± 0.03 2.58± 0.05
SN2008hv 10.74 ± 0.10 1.20 (Zhao et al. 2015) 1.30 ± 0.05 -0.07 ± 0.04 -0.60 ± 0.04 1.05 ± 0.04 2.45± 0.06
SN2008ec 10.75 ± 0.05 -0.20 (Silverman et al. 2015) 1.25 ± 0.03 0.21 ± 0.01 -0.05 ± 0.03 1.65 ± 0.05 · · ·
SN2013gy 10.91 ± 0.11 1.90 (Zhao et al. 2015) 1.34 ± 0.04 -0.04 ± 0.03 -0.30 ± 0.03 1.45 ± 0.04 2.32± 0.06
SN2006dm 11.10 ± 0.10 -0.65 HET, this work 1.40 ± 0.05 0.09 ± 0.04 -0.14 ± 0.04 1.54 ± 0.05 1.95± 0.15
SN2011B 11.30 ± 0.50 0.00 (X.Wang, in preparation) 1.38 ± 0.16 0.04 ± 0.10 -0.44 ± 0.10 1.20 ± 0.08 2.32± 0.04
SN2008Q 11.56 ± 0.05 -0.29 (Foley et al. 2011) 1.32 ± 0.07 0.07 ± 0.03 -0.48 ± 0.02 0.98 ± 0.03 2.06± 0.04
SN2007co 11.73 ± 0.05 -0.60 (Silverman et al. 2015) 1.09 ± 0.03 0.17 ± 0.01 0.22 ± 0.03 2.05 ± 0.06 · · ·
SN2006ej 12.40 ± 0.05 -3.70 (Silverman et al. 2015) 1.28 ± 0.04 0.10 ± 0.01 -0.36 ± 0.14 1.11 ± 0.13 1.50± 0.20
SN2013cs 12.40 ± 0.10 -3.00 (Childress et al. 2016) 1.11 ± 0.04 0.16 ± 0.03 0.19 ± 0.03 1.75 ± 0.04 2.73± 0.08
SN2013gs 12.90 ± 0.20 0.00 (Zhang et al. 2018, ApJ, submitted) 1.15 ± 0.06 0.03 ± 0.04 -0.13 ± 0.04 1.61 ± 0.05 2.69± 0.15
SN2010kg 13.51 ± 0.05 -0.10 (Silverman et al. 2015) 1.28 ± 0.07 0.28 ± 0.04 0.37 ± 0.04 1.97 ± 0.05 · · ·
SN2010ev 13.60 ± 0.10 0.00 (Gutie´rrez et al. 2016) 1.32 ± 0.07 0.30 ± 0.05 0.43 ± 0.05 2.08 ± 0.06 2.46± 0.15
SN2010gp 14.00 ± 0.10 -3.00 (Folatelli et al. 2010) 1.19 ± 0.08 0.20 ± 0.04 0.37 ± 0.04 1.96 ± 0.15 · · ·
SN2009Y 14.88 ± 0.05 0.00 (Folatelli et al. 2013) 1.04 ± 0.07 0.25 ± 0.06 0.08 ± 0.02 1.73 ± 0.04 2.87± 0.06
SN2013ex · · · · · · · · · 1.13 ± 0.06 0.10 ± 0.03 -0.38 ± 0.12 1.27 ± 0.15 2.25± 0.15
SN2011im · · · · · · · · · 1.28 ± 0.08 0.29 ± 0.04 -0.16 ± 0.14 1.76 ± 0.15 · · ·
SN2009cz · · · · · · · · · 1.00 ± 0.06 0.07 ± 0.04 -0.16 ± 0.04 1.67 ± 0.05 2.84± 0.15
observations. They note strong trends of color and ejecta ve-
locity with the viewing angle. Foley & Kasen (2011) explic-
itly show the resulting correlation between color and ejecta
velocity to provide independent, theory-based support for in-
trinsic color differences in the optical between low and high-
velocity SNe Ia. In this article we look for similar correlations
with UV colors predicted by Foley & Kasen (2011) based on
the optical properties studied from the Kasen & Plewa (2007)
models.
To visualize how the model spectra correspond to the pho-
tometric observations, Figure 1 shows the UVOT filters, syn-
thetic spectra from Kasen & Plewa (2007) for three different
viewing angles, and flux ratios made by dividing the other
two example spectra by the lowest angle (and lowest flux)
spectrum. The change in viewing angle has limited effect
in the optical but the differences generally grow as one con-
siders shorter wavelengths. To compute the magnitude dif-
ferences between the models, we performed spectrophotom-
etry on the model spectra using the UVOT filter curves from
Breeveld et al. (2011). The magnitude of the 90° model is
subtracted from each to highlight the differences in Figure
2. The smallest viewing angles have the reddest colors. The
B−V difference is small, but the Swift u band and the shorter
wavelength filters are strongly affected. The Swift uvm2 ex-
hibits the largest effect, greater than 2.5 mag. The uvw2 fil-
ter has a shorter central wavelength, but with an optical tail
which is significant for red objects (Brown et al. 2010, 2016).
Because of the optical tail or “red leak”, the uvw2 is not as
sensitive as the uvm2 filter to UV spectral changes, though
Figure 2 demonstrates it would still be effective on its own in
identifying extreme UV behavior.
4. COMPARISONS BETWEEN THE KASEN & PLEWAMODEL AND
UV OBSERVATIONS
An accurate analysis of UV data requires a proper treat-
ment of extinction. Determining the correct intrinsic col-
ors requires a correction for the right amount of dust and
the appropriate wavelength dependence of the extinction, i.e.
the reddening law. This is done in the optical by assum-
ing a set of SNe Ia to be unreddened; comparing reddened
and unreddened SNe Ia yields a color excess in different
bands. This can also be done in the UV for individual SNe
(e.g. SN 2014J; Amanullah et al. 2014; Foley et al. 2014;
Brown et al. 2015b) or for larger samples (Amanullah et al.
2015). However, the intrinsic diversity of SNe Ia in the
UV (Brown et al. 2010; Wang et al. 2012; Milne et al. 2013;
Foley et al. 2016; Brown et al. 2017) and the uncertain extrap-
olation of extinction laws into the UV makes an accurate cor-
rection complicated. To study the intrinsic diversity, one must
correct for extinction. To correct for extinction, one must un-
derstand the intrinsic colors and their diversity. This circular
regression is not easily resolved.
In this work, we will attempt to display the data in raw and
corrected form such that we can at least qualitatively assess
the strength of any relationship between the UV colors and
the ejecta velocities. Searching for a relationship between the
intrinsic UV color of SNe Ia and their ejecta velocities is fur-
ther complicated by the possibility of a relationship between
the optical colors and the velocities. Potential scenarios in-
clude the assumption of a relationship which does not exist, a
relationship which is ignored but does exist, or a relationship
which exists but which is corrected for inaccurately. In any
of these cases, the extrapolation of the correction into the UV
(or lack of correction) could result in a biased interpretation
of the data.
Figure 3 displays the observed uvm2−uvw1 and uvw1−v
colors of the Kasen & Plewa (2007) models for all view-
ing angles with filled symbols. Also shown is a redden-
4Figure 1. Top Panel: Swift UVOT filter effective area curves. Middle Panel:
Theoretical spectra from Kasen & Plewa (2007) from three different viewing
angles. Bottom Panel: Flux ratios made from dividing two of the above spec-
tra from the lowest flux spectrum.
Figure 2. Magnitude differences in the UVOT filters for the Kasen & Plewa
(2007) model from spectra simulated for different viewing angles.
Figure 3. The colors from the models of Kasen & Plewa (2007) are com-
pared to the observed peak colors of our sample. The red arrow indicates the
direction resulting from MW reddening with RV =3.1 (Cardelli et al. 1989).
To be consistent, the whole sample would have to be reddened by about an
E(B-V) color excess of 0.2-0.3 mag, inconsistent with the optical colors.
ing vector corresponding to a Milky Way-like extinction law
(Cardelli et al. 1989) with RV =3.1 and E(B − V ) = 0.1. In-
terestingly, the colors of the lower left points, which would
correspond to a lower viewing angle and smaller ejecta ve-
locities, seem to follow the reddening vector. This applies
only to the colors, however, and would result in an incorrect
color excess and distance measurement, as the v-band data
does not get fainter as it would with dust extinction but ac-
tually increases in brightness in these models, as shown in
Figure 2. A combination of dust reddening/extinction and ve-
locitiy reddening with no dimming in the redder bands would
lead to a lower RV value as observed (Kessler et al. 2009;
Burns et al. 2014). The redder bump in the uvm2 − uvw1
colors could be misinterpreted as a strengthening of the 2175
A˚ bump common to MW sight lines. However, these colors
are all intrinsic to the SN model itself. These possible effects
highlight the need to disentangle intrinsic color differences
from dust reddening (Chotard et al. 2011; Scolnic et al. 2014;
Sasdelli et al. 2016; Mandel et al. 2017).
The open diamonds in Figure 3 show the observed colors
of our Swift SN Ia sample. If they represented observations
of SNe Ia following the Kasen & Plewa (2007) model they
would have similar colors with the reddened SNe Ia pushed
up and to the right in the direction of the reddening vector.
The observed colors, however, are all offset to the red in both
colors, and the uvm2 − uvw1 colors in particular appear to
have a much larger scatter.
5. COMPARISONS BETWEEN THE SI II VELOCITIES AND UV
COLORS
Recognizing that there may be an offset in the abso-
lute colors between the models and the observations, as
Foley & Kasen (2011) found for the B − V colors, we now
proceed to examine the possibility of a relationship between
the colors and ejecta velocity, as predicted by the model and
observed by Swift. In Figure 4 we plot the expansion veloc-
ities and the optical and pseudocolors from the peak magni-
tudes (with respect to v-band peak magnitude) with differ-
ent treatments for extinction. For the Si II λ6355 velocities
we use the absolute value of the velocity from spectra taken
within 5 days (before or after) of maximum light in the B
band. The left panel shows colors uncorrected for extinction.
The middle panel shows the colors if a constant eak b − v
5pseudocolor is assumed and any b − v color excess corrected
for using a MW extinction law (Cardelli et al. 1989) with
RV =3.1. The right panel shows the colors corrected for red-
dening by assuming a relationship between the b−v color and
the Si II velocity from equation (11) of Foley et al. (2011) and
extinction coefficients derived for a UV-optical spectrum of
SN 2011fe near peak (Mazzali et al. 2014) and a MW extinc-
tion law with RV =3.1 (Cardelli et al. 1989). Because we are
examining colors rather than absolute magnitudes, a choice
of RV =3.1 rather than 1.7 does not have a large effect on the
results even if a different extinction law might be more appro-
priate for HV SNe (Wang et al. 2009).
In the left panel, the observed colors confirm a finding by
Milne et al. (2013); namely, all of the high velocity (v> 12
Mm s−1) SNe Ia are NUV-red (w1 − b > 0.8 at peak) when
uncorrected for reddening. SNe Ia with red observed colors
of B − V > 0.3 have already been removed. A few higher-
velocity SNe Ia are right near theB−V =0.3 mag cut-off with
few with low B − V values. The paucity of higher-velocity
SNe Ia with blueB−V colors could be intrinsic (Wang et al.
2009; Foley & Kasen 2011) or due to reddening in their envi-
ronment (Wang et al. 2013). The higher-velocity SNe Ia have
redder NUV-optical colors than the normal SNe Ia, suggesting
there could be a trend of the NUV-optical colors with velocity.
However, at the low velocity end there is still quite a spread in
the colors, suggesting that the velocities are not strongly cor-
related with the NUV-red/blue distinction (Milne et al. 2013;
Brown et al. 2017). In other words, low velocity SNe Ia can
be either NUV-red or NUV-blue.
The lack of NUV-blue SNe Ia with higher velocities could
be a physical distinction or it could be that there is a redden-
ing effect correlated with velocity which effects both groups.
A reddening effect of velocity on colors could make an oth-
erwise NUV-blue SN Ia appear NUV-red similar to the effect
of dust reddening (Brown et al. 2017). Just as one might need
to correct the color of a SN Ia for reddening before decid-
ing whether it is NUV-red or NUV-blue, one might also need
to correct for velocity effects. If there is not a separation of
two groups but merely a continuum of NUV-optical colors, a
similar reasoning still applies. One needs to correct a SN Ia
for reddening and velocity effects to determine where it lies
in a continuum of NUV-optical colors determined by an ad-
ditional parameter beyond light curve shape, dust reddening,
and velocity.
Fits of color versus velocity were calculated using linear
regression with errors in the velocity and magnitudes with
10,000 Markov Chain Monte Carlo (MCMC) tries using an
IDL routine LINMIX ERR from Kelly (2007). Table 2 con-
tains the weighted mean (± one standard deviation or σ) be-
fore the fitting, the mean intrinsic scatter (± 1 σ) from the
MCMC fits, and the mean slope (± 1 σ) from the MCMC fits
for each of the four colors and three sets of corrections (or lack
thereof) for reddening. Most relevant to this work is a com-
parison between the standard deviation of the mean without
the fit and the mean intrinsic scatter of the fit, the change in
the intrinsic scatter with the different reddening corrections,
and the slope.
After correcting for reddening by assuming a constant b−v
color, the uvw1 − v and u − v colors have no significance
slopes of redder colors with increasing velocity, 0 and 1.6 σ,
respectively, when considering the fraction of posterior pulls
with negative slopes. The slope and significance increases if
an optical color-velocity trend is assumed, with uvw1−v and
u − v yielding negative slopes with significances of 2. and
3.6 σ, respectively. The change in slope is not unexpected as
redder objects with higher velocities are corrected less in their
UV magnitudes when an optical color correlation is assumed.
The strong dependence of the slope on the reddening cor-
rection was confirmed by shuffling the SN velocities before
the reddening correction and fitting 100 times. The mean
slope for uvw1 − v was 0.071 with a standard deviation of
0.08 in the MCMC trials (compared to 0.08 ± 0.04 for the
velocity-corrected colors), with only three trials having a neg-
ative slope. This apparent∼2 σ relationship shows a UV cor-
relation could be created where none exists just by the as-
sumption of an optical correlation. This highlights the need
for a clear understanding of the optical colors, since the UV
colors depend so much on them.
The scatter in the colors does not change significantly when
comparing the standard deviation of the colors after correction
to a constant color without and with a color-velocity relation.
The intrinsic scatter determined from the fitting in uvm2− v,
uvw1 − v, and u − v is 0.56, 0.07, and 0.04 mag. The lack
of change is also not unexpected, as the reddening correction
merely increases the slope of the velocity-color relation, and
the points scatter about it the same. The constant intrinsic
scatter actually drives the apparent increase in the significance
of the slopes when going from a constant color correction to a
velocity-optical color correction. The scatter of the MCMC-
determined slopes remains the same, but the value of the slope
has been changed.
Just as a weak correlation of the UV colors with velocity
could be artificially created by assuming a steeper optical cor-
relation, a correlation can be weakened by assuming a shal-
lower than actual optical correlation. If such a correlation in
the b− v colors is implicitly removed, as we did in the middle
panels of Figure 4, the UV-optical colors of higher-velocity
SNe Ia are overcorrected for reddening. The effect can be es-
pecially difficult to untangle if the wavelength dependence of
the intrinsic variations is similar to a dust reddening law. As
shown in Figure 3, the color differences (in effect a broad-
band reddening law) resulting from different viewing angles
has the same color-color slope as dust reddening. Some mod-
els for SNe Ia with changing metallicity also show similar be-
havior as dust reddening laws (e.g. Figure 10 in Brown et al.
2015a), complicating the separation of intrinsic colors from
dust reddening. Misinterpretation of the intrinsic optical color
could lead to erroneous extinction corrections and ultimately
wrong luminosity distances because for the viewing angle dif-
ferences cause the bluer optical colors to be affected but not
the optical luminosity in redder bands.
Plotted as open squares in the right panel of Figure 4 are the
predicted velocities and colors from Kasen & Plewa (2007).
Correcting the b − v colors according to Foley et al. (2011)
gives them approximately the same slope as the model colors
versus velocity with the observed colors offset to the blue by
∼ 0.05 mag. The observed uvw1− v colors have a shallower
slope with respect to velocity than the models and are offset
to the red by ∼ 1 mag. This offset is much larger and in
the opposite direction from that resulting from overcorrecting
the reddening compared to the model colors. The observed
uvm2 − uvw1 colors are also redder than the models by ∼2
mag. They do not show the steep slope with velocity predicted
by the Kasen & Plewa (2007) models, though the number of
higher velocity Swift SNe Ia detected in the uvm2 filter is
lower. The offset in absolute colors would suggest caution
before arriving at strong conclusions based on trends in the
model UV colors, as the models have deficiencies in the UV.
66. SUMMARY AND CONCLUSIONS
We have taken a set of asymmetric SN Ia explosion mod-
els (Kasen & Plewa 2007) to determine the predicted effects
on the magnitudes and colors in the UV and optical bands
of Swift UVOT. The flux of the models is higher in the UV
than observed, with correspondingly bluer colors. The mod-
els do predict the signature of asymmetry to be stronger at
shorter wavelengths, well-probed by UVOT, but with color
trends similar to dust reddening.
We also compare the observed UV colors with the near-
peak Si II velocities. We do find a tendency for higher veloc-
ity SNe Ia to have redder observed UV colors as first noted
by Milne et al. (2013). However, we find that correcting for
dust reddening dominates over an intrinsic correlation with
velocity. In other words, the assumed correlation between the
optical colors and velocities determines the strength of a cor-
relation between the UV colors and the velocities. Thus we
cannot conclude whether such a correlation exists. We do see
a spread in UV-optical colors for low/normal velocity, indi-
cating that the UV-optical dispersion is not related to the pho-
tospheric velocity as measured from the Si II line.
We encourage color-independent means of constraining the
dust reddening, e.g. from polarization, Na I D absorption
(Munari & Zwitter 1997; Poznanski et al. 2012; but see also
Poznanski et al. 2011 for the impact of low resolution spec-
tra and Phillips et al. 2013 for cases of SNe Ia with higher
Na ID absorption than predicted by reddening), and from
the diffuse interstellar bands (Phillips et al. 2013). Color-
independent means of inferring the UV colors would also
better allow us to determine whether HV SNe Ia could be
physically related to the NUV-blue SNe Ia with low velocities
but with the velocities causing the colors to be redder simi-
lar to reddening. Unfortunately the observed trend for NUV-
blue SNe Ia to have detections of CII λ6580 (Thomas et al.
2011; Milne et al. 2010) is harder to test for HV SNe because
of doppler broadening of the Si II line (Parrent et al. 2011;
Folatelli et al. 2012).
We have studied possible correlations of the UV colors
with the Si velocity, due to the potential color differences
found previously in the optical. Stronger correlations might
be found with the bluer Si and Ca H&K lines, due to the
strength of the Si/Ca absorption within the Swift u and uvw1
bands, or the strength of the high velocity features or high
velocity wings of the photospheric absorption from the outer
region where the UV photons escape. The UV flux in the
Swift mid-UV filters is especially sensitive to the density gra-
dients in the very outer laters, extending at least 9 days after
maximum light (Sauer et al. 2008; Brown et al. 2014b). Sim-
ilarly, high velocity features may also tell us about the regions
of the ejecta from which the UV light originates. Wang et al.
(2012) found that artificially increasing the velocity of the W7
model actually resulted in an increase in the UV flux–the op-
posite effect seen here–because the UV emission region had
a larger radius. Thus velocity cannot be considered in iso-
lation as a cause, but only in the context of a physical model
resulting in a change in the observed velocities and the associ-
ated changes in density structure and composition associated
with the physical model changes. A larger sample and fur-
ther study of UV spectra (continuing from Foley et al. 2008a;
Bufano et al. 2009; Smitka 2016; Foley et al. 2016; Pan et al.
2018) would be of great benefit in differentiating velocity
and other variables which may or may not be linked, such as
metallicity, density structure, explosion energy, and progeni-
tor system characteristics.
We have used the Kasen & Plewa (2007) models which
have asymmetry as the origin of the velocity differences. The
failure of the models and the behavior in the UV could be due
to a number of reasons: The physical scenario represented in
the model might not be that realized in nature. The physi-
cal scenario might be correct but the model fails to accurately
reproduce the observational characteristics due to incomplete
line lists, missing physics, or different initial conditions unre-
lated to the parameters being studied. The physical scenario
might be correct but of a differentmagnitude than probed. It is
not clear which is the cause for these models, though we note
that first principle models have difficulty matching the ob-
served UV flux of SNe Ia (Lentz et al. 2000; Kasen 2010) and
the models tuned to match observations (Sauer et al. 2008;
Walker et al. 2012; Mazzali et al. 2014) must typically use a
different density profile and have metallicity and other free
parameters. With those difficulties and degeneracies between
the multiple effects in the UV (Brown et al. 2014b) it is hard
to rule out physical scenarios or explosion models based on
the inability to match UV observations and judge the appli-
cability of models at other wavelengths. The Kasen & Plewa
(2007) models also predict a larger than observed polariza-
tion (Wang & Wheeler 2008), so asymmetry may be only
one component affecting the velocity differences. Wang et al.
(2013) find HV SNe Ia to be more common near the cores
of larger, more massive galaxies, indicating a difference in
progenitors rather than just viewing angle. These progeni-
tors could be more metal rich, consistent with various argu-
ments made by Pignata et al. (2008) for a metallicity origin of
the differences before favoring the more extended explosive-
burning front advocated by Benetti et al. (2004). Foley et al.
(2012) found that HV SNe Ia tend to have blueshifted NaID
absorption, also suggestive of a difference in the progeni-
tor and/or its environment. Resolving the difference is im-
portant because observed differences of asymmetric explo-
sions viewed at different angles will look similarly different
throughout the history of the universe. Metallicity, however,
will systematically change through the history of the universe,
resulting in a bias in the mean magnitudes of SNe Ia and a
change in the scatter with redshift.
The Swift SN Ia sample is not unbiased, as some SN
searches, particularly those in the early years of Swift, tar-
geted large galaxies and missed SNe from faint, low mass
hosts now seen in untargeted surveys. Additionally, some
surveys are less sensitive to finding SNe near the cores of
galaxies and early Swift SN trigger criteria recommended
a separation of 10′′from nearby stars and the host galaxy
nucleus to avoid issues with coincidence loss (Brown et al.
2009). As HV SNe Ia have been found to be preferentially
located near the centers of their host galaxies (Wang et al.
2013), this would reduce the number of HV SNe being discov-
ered and further reduce the number being observed by Swift.
The All-Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al. 2014 is more efficient than other amateur and
professional searches at finding SNe close to the host nucleus
(Holoien et al. 2017). Between Fall 2016 and Spring 2018 a
program was to observe with Swift/UVOT a volume-limited
sample of SNe Ia within z<0.02 without regard to host-SN
separation. Hardware-window modes (Roming et al. 2005;
Poole et al. 2008) are used to mitigate the effects of coinci-
dence loss as in Brown et al. (2012, 2015b). This program
will reduce any bias in Swift SN Ia properties and should in-
crease the numbers of higher-velocity SNe Ia available for fu-
7ture studies.
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8Figure 4. Left: The observed b− v, u− v, uvw1− v, and uvm2− v colors interpolated at the time of maximum light in the B band are plotted with respect to
the velocity of Si II λ6355 within 5 days of maximum light. The symbols are colored based on their observed b − v color; this color scheme is preserved in the
other panels to represent how large of a reddening correction was made. Middle: The same colors are corrected for reddening by assuming a single b− v color
and a Milky Way-like extinction law with RV =3.1. Solid lines show the median slope determined by our MCMC regression fitting. Right: The same colors are
corrected for reddening by assuming a relationship between the b− v color and the Si II velocity from equation 11 of Foley et al. (2011). Open squares show the
colors of the (Kasen & Plewa 2007) models near maximum light.
Table 2
Results of Color-Velocity Regression Fitting
Color Method Weighted Meana Fit Scatter Slope
(mag) (mag) (mag Mm−1 s)
b− v observed 0.05 ± 0.11 0.01± 0.00 0.05± 0.01
b− v dereddened -0.10 ± 0.00 0c 0c
b− v velocity-corrected -0.03 ± 0.05 0.00c 0.03c
u− v observed -0.13 ± 0.33 0.08± 0.04 0.14± 0.04
u− v dereddened -0.38 ± 0.20 0.04± 0.02 0.05± 0.03
u− v velocity-corrected -0.26 ± 0.24 0.04± 0.02 0.11± 0.03
uvw1− v observed 1.33 ± 0.36 0.10± 0.04 0.13± 0.05
uvw1− v dereddened 1.00 ± 0.25 0.07± 0.03 0.00± 0.04
uvw1− v velocity-corrected 1.17 ± 0.28 0.07± 0.03 0.08± 0.04
uvm2 − v observed 3.41 ± 0.66 0.49± 0.21 0.12± 0.13
uvm2 − v dereddened 2.86 ± 0.69 0.57± 0.26 -0.11± 0.14
uvm2 − v velocity-corrected 3.18 ± 0.68 0.56± 0.26 0.05± 0.14
aThe mean and standard deviation of the color for all of the data, ignoring any fit relation. It is the standard deviation which is usefully compared to the scatter
after fitting.
bThe mean and standard deviation of the color for all of the data, ignoring any fit relation. It is the standard deviation which is usefully compared to the scatter
after fitting.
cThe b− v slope are set in the reddening corrections, so these values are defined in the fit and just given for reference.
